ABSTRACT
candidates for biotechnology and tissue engineering development [1, 6, 7] .
In 2006 the International Society for Cellular Therapy (ISCT) proposed basic criteria for determining MMSCs, namely adhesive fibroblastlike cells that are CD105, CD73, CD90 positive and CD45, CD34, CD14 or CD11b, CD19 or CD79a and HLA-DR negative, capable of directed differentiation into adipogenic, osteogenic and chondrogenic lineages. This minimum set of phenotypic criteria for MMSCs identification is not associated with their origin [1, 2, 4, [8] [9] [10] . Cultivation, differentiation and cryopreservation of MMSCs in vitro can alter the natural cell properties [11] [12] [13] . Therefore, to create new biotechnology-based products, it is Obtaining, cultivation and cryopreservation of mesenchymal stromal cells is the basic procedures for cellular products used in regenerative medicine for the treatment of many diseases. Today mesenchymal stem cells are isolated from different sources, such as bone marrow, adipose tissue, umbilical cord blood, skin and others [1] [2] [3] [4] [5] . Due to its properties, multipotent mesenchymal stromal cells (MMSCs) are the subject of special attention because they are able to differentiate into specialized cells that support hematopoiesis and have trophic and immunomodulatory properties owing to their ability to secretion of cytokines, chemokines and growth factors. Overall, these properties make them one of the main important to use cells which retains stable morphological and functional properties.
Today, bone marrow is studied well enough as a source of stem cell from adult donors. Considering that bone marrow MMSCs are multipotent and able to proliferate in vitro, they quickly became used in early clinical studies [14, 15, 16] . MMSCs constitute only a small percentage of bone marrow cells (0.01-0.001 % of nucleated cells), their differentiation potential and number have a negative correlation with the age. Later MMSCs with similar immunophenotype were also obtained from other tissues.
An alternative source of MMSCs for cell therapy is adipose tissue where they can be obtained through minimally invasive methods in much larger amounts compared to bone marrow. These cells can be easily isolated from lipoaspirate and are able to differentiate into osteogenic, adipogenic, myogenic, neurogenic and chondrogenic direction [1, 17, 18] .
At present, stem cells from tendons are examined in vivo and in vitro in few researches. There have been studied proliferative potential and ability to multilinear differentiation of progenitor cells from tendon tissue isolated from a human hamstring [7, 9] . This observation has helped to understand the pathophysiology of tendon tissue and contributed to the search for new potential tools for the treatment of tendon injuries.
Transplantation of autologous or allogeneic MMSCs is a method of cell therapy and has significant perspectives in the treatment of many human diseases. The involvement of modern cultivation and cryopreservation technologies allow to receive a supply of stem and specialized cells with their subsequent long-term storage at low temperatures. This allows to transport cryovials readily and thaw cells just before therapeutic application. In order to provide the baselines for further research in the field of regenerative medicine, there have been analyzed rat MMSCs derived from bone marrow and two alternative sources of adipose tissue and tendons. This study presents a comparison of cryopreserved MMSCs to create an experimental evaluation system for choice of the optimal source of cells for the treatment of musculoskeletal tissue injuries.
The purpose of the study was a comparative assessment of some morphological characteristics of cryopreserved MMSCs obtained from bone marrow, adipose tissue and tendons.
Obtaining and cultivation of MMSCs. Bone marrow cells were isolated from rat femurs by flushing of diaphyses with Hanks balanced salt solution -HBSS (PAA, Austria), followed by passing the suspension through small-gauge needles. The next stage included centrifugation at 834g for 5 min.
Primary suspension cells from adipose and tendon rat tissue was obtained by enzymatic treatment of biopsy specimens. For this pieces weighing 75 ± 3 mg were washed with HBSS containing 150 µg/mL gentamicin (Farmak, Ukraine) and incubated in 1.5 mg/mL collagenase type II solution (PanEko, Russia) at 37 °C for 18 hours. The cells were isolated from pieces by resuspending followed by centrifugation at 834g for 3 min.
The resulting cell suspensions were plated in 25 cm 2 culture flasks (PAA, Austria) at a density of 10 3 cells/cm 2 [19] . The culture medium in all cases contained the culture medium IMDM (PAA, Austria), 10 % fetal bovine serum (HyClone, USA), 150 µg/mL kanamycin (Farmak, Ukraine) and 5 µg/mL amphotericin B (PAA, Austria). The medium was changed every three days. In the study, we used standard culture conditions in CO 2-incubator (Sanyo, Japan) at 37 °C and 5 % CO2 atmosphere. Subcultivation was carried out upon reaching confluency. Cell growth was determined under light microscope (LOMO, Russia).
MMSCs cryopreservation.
Cryopreservation was performed in 1 ml cryovials (Nunc, USA) under the protection of 10 % DMSO (PanEko, Russia) with 20 % fetal bovine serum. Cryoprotectants solution was prepared in IMDM medium with kanamycin 150 µg/mL. Cooling of samples was performed using the programmed freezer ZPM-1 (Otel, Ukraine). Cooling rate was 1 °C/min to -80 °C, followed by storage in liquid nitrogen [20] . Cryopreserved MMSCs thawing was performed in a water bath at 40 °C until the liquid phase. Removal of cryoprotectant was performed by adding 1:9 HBSS, followed by centrifugation at 834g for 5 min. At cultivation the studied cells after cryopreservation, we used the same conditions as for the primary cultures. The integrity of cell membranes was evaluated by a trypan blue (Sigma, USA) dye exclusion.
MMSCs immunophenotyping. For immunophenotypic analysis
MMSCs after freezing and thawing were stained with mouse anti-human CD45-FITC, CD44-FITC, CD73-FITC, CD90-FITC, CD105-PE monoclonal antibodies (BD Biosciences, USA) according to the manufacturer's instructions. Measurements were performed on flow cytometer BD FACSCalibur (Becton Dickinson, USA). Data were analyzed using Win MDI v.2.8.
Assessment of MMSCs colony-forming capacity.
Cloning efficiency was determined by counting the colonies containing at least 30 cells, and calculated as a percentage of colony forming fibroblast units (CFU-F) per 1•10 6 cells. Cells were seeded in 6-well plates at low density by limiting dilution (start with a seeding density of 100 cells/cm 2 to 15 cells/cm 2 ) and cultured in IMDM medium supplemented with 20 % fetal bovine serum for 14 days. Then the cells were fixed with 4 % paraformaldehyde solution followed by Romanovsky-Giemsa azure II-eosin staining for 10 min at room temperature. The number of colonies, their size and average number of cells per colony were measured [17] .
Colorimetric MTT assay for MMSCs proliferation. The number of viable cells in the MMSCs' cultures was determined by MTT test (Sigma, USA) on 1, 3, 7 and 10 days of cultivation [21] . Measurement of the optical density was performed on photocolorimeter KFK-2 UHL42 (Russia) at a wavelength of 540 nm.
Immunohistochemical study of type I collagen. Staining for collagen type I was performed using monoclonal antibodies to COL-1 (SigmaAldrich, USA) in dilution 1:2000 and CFTM488A (Sigma-Aldrich, USA) according to the manufacturer's instructions. The cells nuclei were additionally stained with DAPI (Sigma, USA) at a concentration of 1 µg/ mL for 30 min. Fluorescent microscopy of MMSCs was performed using confocal scanning microscope LSM 510 Meta (Carl Zeiss, Germany).
Directed adipogenic differentiation.
For directed differentiation into adipogenic lineage standard nutrient medium in cultures after reaching confluency was changed for differentiation medium consisting of IMDM, 1 % fetal bovine serum, 10 -7 M dexamethasone, 10 -9 M insulin (all -PAA, Austria). Further cultivation was carried out for 3 weeks changing medium twice a week. To confirm the differentiation, the cells were stained with Sudan IV (Fluka, Germany) and under a light microscope we counted the number of cells with lipid droplets (orange stain), calculating the percentage of the total number of cells. The control for spontaneous differentiation were cells cultured without specific inductors.
Directed chondrogenic differentiation. For directed differentiation in chondrogenic lineage, standard nutrient medium in cultures after reaching confluency was changed for differentiation medium consisting of IMDM, 10 -5 ascorbate-2-phosphate (PAA, Austria), 10 ng/ml TGF-β (Sigma, USA). Further cultivation was carried out for 3 weeks changing medium twice a week. To confirm the differentiation, the cultures were stained with Toludine blue (Fluka, Germany) and we counted the number of cells with proteoglycans in the extracellular matrix (blue stain). Number of differentiated cells was counted under a light microscope and we calculated the percentage of the total number of cells. The control for spontaneous differentiation was cells cultured without specific inductors [22] .
MATERIALS AND METHODS
than immediately after thawing. This phenomenon is probably due to, on the one hand, inhibition of proliferative activity after cryopreservation and, on the other hand, adaptation of cells to culture conditions [20, [23] [24] [25] .
Morphological characteristics of the studied cells and their ability to collagen type I production are shown in Fig. 3 . Cryopreserved bone marrow MMSCs were characterized by the presence of spindle-shaped and sail-shaped cells, which 89.6 ± 2.7 % were positively stained for type I collagen. Adipose MMSCs were presented by sail-, star-and spindleshaped cells' types. Tendon-derived MMSCs had a spindle-and triangularshape with homogeneous cytoplasm density. The relative number of cells that produced collagen type I, in cultures of adipose-derived and tendonderived MMSCs was less than in bone marrow MMSCs and amounted to 52.6 ± 2.1 % and 63.4 ± 2.5 % respectively.
Statistical analysis.
Testing of the normality was carried out using common test for asymmetry and kurtosis. At the normal distribution of variables, reliability of differences between groups was evaluated using Student's t-test. Differences is significant at p ≤ 0.05. Analysis was performed using MS Excel (Microsoft, USA) and Statistica 8 (StatSoft Inc., USA) software.
The first step was to study the integrity of cell membranes after cryopreservation using trypan blue exclusion test. Bone marrow MMSCs after cryopreservation-thawing had 78.5 ± 6.2 % cells with intact membrane that is 1.24-times lower than the corresponding value in primary cultures prior to freezing (95.2 ± 4.5 %). The viability of cryopreserved adipose MMSCs was reduced to 1.18-times relative to the initial cells (97.4 ± 5. MMSCs populations derived from bone marrow, adipose tissue and tendons were characterized by immunophenotype presented in Table 1 . Cryopreserved cells revealed typical mesenchymal phenotype with high expression (≥ 90 %) of CD44, CD90, CD105, CD73 and low expression (≤ 1 %) of hematopoietic marker CD45, which corresponded immunophenotype of respective cultures before cryopreservation (data are not shown).
The cultivation of cells at low density can detect fibroblast colonyforming units, which are the earliest stromal cells precursors [5, 7] . Using cell seeding 10-15 cells/cm 2 we observed colonies that formed with the frequency of 3-4 per 100,000 seeded cells. The results are presented in Fig. 1 .
In the study of CFU-F, obtained from various sources, was detected colonies of several types that varied by the number of cells and their size. Colonies were divided into three types: compact with linear dimensions 4.8-7.2 mm in diameter, diffuse -2.8-6.4 mm and mixed -1.5-3.8 mm.
In the analysis we include wells containing all types of colonies, which consisted of more than 30 cells [5, 7] .
The analysis of the colonies proportion revealed significant differences, namely the greatest clonogenic potential observed in tendon tissue MMSCs, where we observed compact and mixed colonies. Diffuse colonies were typical for adipose tissue MMSCs. Research of bone marrow MMSCs also showed the presence of compact and mixed colonies, but their number was significantly lower relative to tendon tissue. Significant difference in the number of CFU-F between adipose tissue and bone marrow was not found (Fig. 1) .
The next stage was the study of proliferative characteristics of cryopreserved MMSCs from bone marrow, adipose tissues and tendons. Cells attached to the plastic and formed clusters of 10-15 cells on 5-7th-day of observation. Growth dynamics of studied cultures was similar, but increase of cells was significantly higher in the tendon MMSCs. On the day 3 of adipose tissue MMSCs cultivation, cell proliferation was 3.2 higher times, for tendon-derived -2.8 times as compared to bone marrow cells. On the 7 th and 10 th day of cultivation, the value of MTT-test for adipose MMSCs was higher 2.1 and 1.5 times, for tendon-derived cells -3.2 and 1.8 times respectively, as compared to bone marrow MMSCs (Fig. 2) . In the following passages, cell cultures had a higher ability to proliferate Ability to directed adipogenic and chondrogenic differentiation of cryopreserved bone marrow, adipose tissue and tendon-derived MMSCs are presented in Table 2 and Figure 4 .
The first signs of adipogenic differentiation, evidenced in changing the morphology of cells (roundness, cytoplasm granularity), were observed on 5-7 th day in bone marrow and adipose tissue MMSCs and on 8-10 th day in tendon-derived MMSCs. Cytochemical staining of bone marrow and adipose tissue MMSCs cultures with dye Sudan IV on 21 st day after the initiation of adipocyte differentiation revealed the presence of orange lipid droplets in the cytoplasm of more than 54.7 ± 6.2 % and 62.7 ± 5.3 % of cells, respectively. In tendon-derived MMSCs cultures the number of cells with features of adipogenic differentiation amounted to 20.6 ± 7.3 %.
In the study of directed chondrogenic differentiation, first signs of the change in the morphology of bone marrow and adipose-derived MMSCs were observed on 3-4 th days of cultivation and on the 5-6 th day in MMSCs from tendons. Since the 8 th day of chondrogenic differentiation in cultures, we observed areas of high cells concentration. In further observations, cell density increased and on the 21st day there was creation of formed structures with large amount of extracellular matrix, which was confirmed by their staining with Toluidine blue for the proteoglycans. The total percentage of differentiated cells in chondrogenic direction of bone marrow MMSCs was 70.3 ± 5.6 %, adipose tissue MMSCs -68.7 ± 7.1 % and tendon-derived MMSCs -68.2 ± 4.8 %.
Thus, apart from bone marrow and adipose tissue, which are the most common source of stem cells, an alternative source can be tendons. The results of the study can be used to create a cryobank of advanced stromal cell lines with their subsequent application for the needs of biotechnology and cell therapy of musculoskeletal system injuries. The research of morphological and functional characteristics of the MMSCs cultures showed that their cryopreservation using low cooling rate 1 °C/min to -80 °C and cryopreservation medium (10 % DMSO and 20 % fetal bovine serum) can maintain the integrity of cell membranes, immunophenotype, ability to colony formation, proliferation, synthesis of collagen type I and directed differentiation regardless of their source.
However, a comparative analysis of these characteristics at the initial stages of cultivation found that bone marrow and adipose tissue MMSCs have slow proliferation, low capacity for colony formation and high potential to adipogenic and chondrogenic differentiation. Tendonderived MMSCs under the same cryopreservation conditions have a greater potential for proliferation, colony formation and lower capacity for directed differentiation in adipogenic direction than other studied cell types.
Summing up, low proliferative activity of cryopreserved bone marrow MMSCs, is combined with a high relative number of cells that produced type I collagen. At the same time, tendon-and adipose-derived MMSCs kept under similar cryopreservation conditions show a higher capacity to proliferation and relatively low number of type I collagen-producing cells, compared to bone marrow MMSCs.
Despite the fact that this study has no direct clinical relevance, it should be considered as an attempt to determine the optimal source for potential use of MMSCs in regenerative medicine. Although in most Table 2 . Ability to adipogenic and chondrogenic differentiation of bone marrow, adipose tissue and tendon-derived MMSCs (n = 6).
